A 65-bp ''core'' sequence is dispersed in hundreds of thousands copies in the human genome. This sequence was found to constitute the central segment of a group of short interspersed elements (SINEs), referred to as mammalian-wide interspersed repeats, that proliferated before the radiation of placental mammals. Here, we propose that the core identifies an ancient tRNA-like SINE element, which survived in different lineages such as mammals, reptiles, birds, and fish, as well as mollusks, presumably for >550 million years. This element gave rise to a number of sequence families (CORE-SINEs), including mammalian-wide interspersed repeats, whose distinct 3 ends are shared with different families of long interspersed elements (LINEs). The evolutionary success of the generic CORE-SINE element can be related to the recruitment of the internal promoter from highly transcribed host RNA as well as to its capacity to adapt to changing retropositional opportunities by sequence exchange with actively amplifying LINEs. It reinforces the notion that the very existence of SINEs depends on the cohabitation with both LINEs and the host genome.
Almost 30% of the human genome consists of copies of interspersed repeats that are amplified by retroposition (1), a process widely spread among eukaryotic taxa (2) . Retroposition involves reverse transcription of the transcribed copies and reintegration of the resulting cDNAs into the host genome. In this way, numerous copies of the propagating elements accumulated in host genomes over extended evolutionary periods. These copies eventually decayed by mutations and, because these were random (3), we can reconstruct the once-active elements from the alignment of their genomic fossil record elements as the average or consensus sequence. In other words, ancestral sequences that do not exist in an active form any more are inferred from bits and pieces of their mutated copies still found in the genome. This so-called paleogenomic approach has been used to reconstruct the complex evolution of Alu subfamilies (4, 5) . Although the consensus is often only an approximation, it is the best available representation of the ancestrally active elements.
Retroposition requires specific activities in addition to the enzymatic machinery commonly found in the host cells. The reverse transcriptase (6, 7) as well as the endonuclease (8) (9) (10) involved in cDNA synthesis and the integration, respectively, are coded for by the actively retroposing long elements such as long interspersed elements (LINEs). In contrast, short interspersed elements (SINEs) do not encode any protein facilitating their proliferation. However, considering thousands of SINE copies dispersed in vertebrate's genomes, these elements must have evolved other adaptations to secure their efficient amplification, using both host-specific and retropositionspecific activities provided in trans.
What are the structural attributes of efficiently amplifying SINEs? Recruitment of the internal promoter of RNA polymerase III (Pol III) from abundantly transcribed cellular RNAs such as 7SL or transfer RNAs seems to be one such adaptation. The use of Pol III promoter assures easy access to the transcription machinery of the host. The fact that it is carried within the transcript is convenient and advantageous for a mobile element that might need to be expressed from changing genomic locations (11) . In 7SL RNA-derived retroposons, such as primate Alu and rodent B1 elements, their proliferative efficiency correlates well with Pol III promoter and with the presence of the conserved RNA secondary structure, still resembling that of their 7SL RNA from which these elements originated (12, 13) . It is the folding of these SINEs RNA and the resulting interactions that are believed to facilitate their access to retropositional machinery (12, 14, 15) . Such retroposition promoting mechanism, though still hypothetical, cannot be generalized. In the majority of SINEs spread in extant eukaryotic taxa, including plants and invertebrates, transfer RNAs were at the origin of their 5Ј Pol III promoter region (16) (17) (18) . However, the similarity to tRNA in these elements remains often limited to boxes A and B of the split Pol III promoter only, because the original base pair interactions stabilizing tRNA cloverleaf structure were lost (16) . Earlier works suggested that SINEs evolved as ''satellites'' of LINEs by using their retropositional machinery (14, 15) . Okada and colleagues proposed (19) that LINEs were at the origin of tRNA-like SINEs through a mechanism assembling tRNA acting as a primer with the LINE template (typically its 3Ј end segment involved in the initiation of cDNA synthesis). This hypothesis suggested that different tRNA-like SINEs originated independently from diverse LINEs. Here, we show that rather than by numerous de novo origins, a variety of eukaryotic SINEs can be ancestrally related to an ancient tRNA-like element. We find that this generic element, whose conserved moiety included the promoter and the central region, had the ability to diversify by recruiting its 3Ј end from LINE elements, capturing by the same token sequence segments able to facilitate its retroposition.
MATERIALS AND METHODS
Sequence Data. Consensus sequences of CORE-SINEs from different mammalian species (see text) were obtained from the alignment of genomic elements sequenced in our laboratory (n ϭ 107) and were extracted from the GenBank release 105.0 (n ϭ 43). Details of this study are available
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elsewhere (N.G. and D.L., unpublished work). CORE-SINEs sequences of nonmammalian species were obtained through GenBank searches and from published literature (see figures for the list of these sequences). Sequence were aligned by using MULTALIN 4.0 (20) , and the alignments were refined manually. Sequence identity was calculated from the alignment as follows:
where S denotes the number of nucleotide substitutions, G (gaps) denotes the number of insertions͞deletions (counted once irrespective the size), and L denotes the length of the compared Ther-1 reference sequence segment (gaps introduced into the reference sequence are not added to L to keep the estimation conservative). Dot matrix comparison was done by using MAC DNASIS PRO V3.5 (Hitachi, Tokyo), with 9 matches required in a window of 15 nucleotide positions (except for AvaIII:HpaI comparison, where 10 matches were required). GenBank Searches. Nuclear DNA sequence databases were created based on the GenBank release 105.0 for reptile, birds, and fish by using the LOOKUP program from Wisconsin Package version 9.0 (Genetic Computer Group, Madison, WI). By using FASTA from the Genetic Computer Group, with default parameters and the conserved or the variable regions of CORE-SINE consensus sequences (see Fig. 1 ), these databases were examined for the presence of the corresponding sequences.
RESULTS AND DISCUSSION
We analyzed a class of tRNA-like retroposons, which, after Alu repeats, constitute the most prominent SINEs of the human genome. However, in contrast to Alu, these elements, which were called mammalian-wide interspersed repeats (MIRs) [see Repbase 1992 (http:͞͞www.girinst.org)] can be found in all mammalian orders (21, 22) . Their tRNA-like Pol III promoter region is followed by a central sequence domain of 65 bp, named ''core'' (23) , and a variable 3Ј sequence segment (Fig. 1) . Recently, we sequenced MIR elements from monotremes and marsupials, representing nonplacental mammals. By including these elements (n ϭ 107) in the analysis, we reconstructed consensus sequences defining five MIR families (N.G. and D.L., unpublished work). Each family refers to a group of genomic copies sharing the same 3Ј segment. These were named Ther-1 and Ther-2 to indicate their initial identification in therians (i.e., marsupials and placentals), Mon-1 in monotremes, Mar-1 in marsupials, and Opo-1 in the opossum genome. Ther-1 represents a modified consensus of the MIR sequences previously described in the human genome (22) . In general, the within family divergence-i.e., between the consensus and the contributing repeats of up to Ͼ30% (see also refs. 21 and 22)-was greater than that between consensus sequences of the families, excluding their 3Ј end nonhomologous segments.
The 3Ј segments in four of the five MIR families were found homologous (based on Ͼ 80% sequence identity) to different vertebrate LINEs (Table 1) . As shown in Fig. 2a , Ther-1 and Mon-1 shared Ϸ50 bp with the 3Ј end of the L2 family of ancient mammalian, and presumably pan-vertebrate, LINE repeats (http:͞͞www.girinst.org); Mon-1 elements differed from Ther-1 in the proximal part of their 3Ј terminal portion (Fig. 2a) . The identity between MIR (Ther-1) and L2 was already recognized earlier (1, 22) . Ther-2 sequences (Fig. 2b) , in turn, shared their 3Ј segments with the turtle PsCR1 elements (19) , representing a trans-specific LINE family originally described in chicken (as ''CR1'') and reptiles (24) (25) (26) . Finally, we found a high degree of sequence identity (Fig. 2c) between the 3Ј segments of Mar-1 elements and the 5Ј and 3Ј portion of Bov-B sequences (also known as Art2 or BDDF), again trans-specific, apparently pan-vertebrate LINEs described so far in artiodactyls and snakes (27) (28) (29) . Our analysis shows that the portion of MIR sequence shared with LINEs was derived from these latter elements, adding to similar Table 1 ). The retropositional efficiency of tRNA-like SINEs could be explained by their structural identity with 3Ј end segments of actively retroposing LINE elements. This molecular mimicry of SINEs can be considered as an adaptive response to changing retropositional opportunities over time and in different lineages and can also reflect the need of using the reverse transcriptase activity in trans. The constant feature of MIR sequence is the 5Ј tRNA-like promoter region followed by its particular central core segment. The core, first considered a hallmark of MIRs (21), turns out to identify a more widely spread class of short retroposons found beyond mammalian genomes as well. FASTA searches and inter-MIR PCR amplification experiments (21) documented the presence of the truncated Ther-1 elements in birds and reptiles, suggesting that these elements proliferated in nonmammalian vertebrates as well (Table 2 ). Taking into account that Ϸ0.33% of the bird genome is represented in GenBank release 105.0, we obtained the genomic copy number of these SINEs of the order of 5,000.
Additional searches of databanks, using the conserved sequence region of Ther-1 family (positions 1-145; Fig. 1 ), identified a number of related sequences. In Fig. 3a , similarity between these sequences and the core can be appreciated in the alignment with the corresponding segment of Ther-1 element. In addition, pairwise comparisons using the dot matrix approach, which are shown in Fig. 3b , illustrate that the degree of sequence identity observed between the central core segments of different elements is not inferior to that between their tRNA-like portions upstream or their 3Ј variable segments downstream if the latter is the case [e.g., Ther-1:AFC 3Јend identity reported by Terai et al. (32) ]. This suggests that selection constraints concerning the core segment over the evolution are not weaker than those maintaining the integrity of the RNA Pol III promoter and that both of these segments are similarly vital for the element survival. We found HpaI *Numbering used is that of Ther-1 consensus (Fig. 1) . † Reported sequence identities were calculated as described in Materials and Methods.
Evolution: Gilbert and Labuda Proc. Natl. Acad. Sci. USA 96 (1999) SINEs from Salmonidae (30) and AFC SINEs from Cichlidae (31) to be related to MIR elements (Table 2 and Fig. 3 ). As in MIRs, the core segment in HpaI is preceded by a tRNA-like promoter region and is followed by a LINE-related 3Ј portion (19) . The same is true for AFC element (32) . The AvaIII repeat from Salmonidae (33) also should be related to MIR based on its sequence similarity to the HpaI family (Table 2 and Fig. 3) . By FASTA searches, we also found a putative related element of so far uncharacterized SINE family from a teleost fish, Fundulus heteroclitus. This element, located in the 5Ј flanking region of Ldh-B gene (34) , was identified by the DNA segment with similarity to core and by the presence of two intact boxes of the RNA Pol III promoter in tRNA-like portion located upstream ( Fig. 3b and Fig. 4) . Moreover, its 3Ј end exhibits some sequence identity with Ther-1-specific segment (immediately downstream of the core) defined in Fig. 2 . More importantly, this element is not more divergent from the Ther-1 consensus than Ther-1 repeats from placental ge-
FIG. 3. (a)
Sequence identity between the core domain of Ther-1 family and non-tRNA segments of HpaI and AvaIII SINEs from Salmonidae, AFC SINE from Cichlidae, and OR2 SINE from Octopodidae (30, 31, 33, 35) . OR1 SINE from Octopodidae was included in the alignment because of its identity with OR2. Nucleotide numbering corresponds to that of Ther-1 consensus (see Fig. 1 ). See also legend to Evolution: Gilbert and Labuda Proc. Natl. Acad. Sci. USA 96 (1999) nomes. Finally, the analysis of published sequences of tRNAlike SINEs from invertebrates revealed substantial identity between core and the central portion of OR2 SINE (35) from DNA of octopus (Cephalopoda) as shown in Fig. 3 ( Table 2) . A related OR1 SINE from the same species (35) was included in the comparison principally because of its similarity with OR2 element (Fig. 3 and Table 2 ). Cephalopods that belong to Mollusca and vertebrate lineages diverged Ϸ550 million years ago whereas fish lines diverged 400 million years ago, reptile and bird lines diverged 300 million years ago, and mammal lines diverged 250 million years ago (36) . Taken together, all of these data point to the existence of a generic SINE element that we propose to call CORE-SINE. This element equipped with Pol III promoter region followed by the core segment is capable of exchanging its 3Ј end. Remarkably, the central core segment was maintained over long evolutionary time periods in SINEs proliferating in extant eukaryotic genomes. In the five MIR families discussed here, the core conservation was in average almost twice greater than the conservation of their corresponding 5Ј regions (N.G. and D.L., unpublished work). Lowest conservation of the tRNA related segment could be explained by the selection acting primarily on the A and B boxes of the split RNA Pol III promoter or by different origin of tRNAs contributing this region to the evolving SINEs. The integrity of t-RNA cloverleaf secondary structure seems unnecessary for the transcription and for the retroposition. In contrast, the core sequence appears to have been maintained because of a more stringent selection that would be related to its possible importance for the integrity of the element (either by contributing directly to its proliferating activity or by promoting its long-term survival). In general, serving as an ''assembly unit'' of potentially functional segments, the core could help to reconstruct promiscuous SINEs from the pool of genomic copies that are continuously modified by mutations. Facilitating the exchange of 3Ј ends with actively retroposing LINEs would be of particular importance because mimicking the active LINEs appears vital for tRNA-like SINEs surviving through amplification (37) . LINEs evolve in time and in different lineages; with successive LINE families observed in eukaryotic lineages, one would predict the presence of SINEs with homologous 3Ј ends in the corresponding genomes, and vice versa. Indeed, the presence of Mar-1 family with 3Ј end similarity to Bov-B LINE implies the presence of the latter in the marsupial genome, which we confirmed experimentally (N.G. and D.L., unpublished data). In light of the data on a variety of tRNA-like SINEs (ref. 38 and this paper), this mechanism seems to generally apply to this class of elements. Here again, the notorious human Alu as well as rodent B1 elements, which represent a novel 7SL RNA rather than the tRNA connection, should be considered as exception. These SINEs do not share its 3Ј end with L1 and presumably any other LINE in the primate genome. Similarity of poly-A tails shared between Alu, rodent B1, and L1 elements is nonspecific given the presence of poly-A ends in the majority of host mRNAs. Thus, the specific liaison between LINEs and Alu might be of different nature and could be related to particular conservation of the Alu RNA folding as mentioned above (14, 39) .
In this study, we have documented the structural and presumably evolutionary continuity among SINEs in different vertebrate genomes, and we have found examples showing that this continuity extends beyond the vertebrate phyla. tRNA-like SINEs are found in all eukaryotic kingdoms and can be almost as old as the actively retroposing LINEs. CORE-SINEs are structural mosaics assembling distinct functional domains necessary for retroposition. The evolutionary persistence of CORE-SINEs can be related to the conservation of the central core segment. CORE-SINEs appear to have survived for more than hundreds of millions of years in different eukaryote lineages, given the fact that their recent amplification is documented in fish and in nonplacental mammals.
